The effects of H 2 plasma exposure on optical, electrical, and structural properties of fluorine-doped tin oxide (FTO) and AZO/FTO substrates have been investigated. With increasing the time of H 2 -plasma exposure, the hydrogen radical and ions penetrated through the FTO surface to form more suboxides such as SnO and metallic Sn, which was confirmed by the XPS analysis. The Sn reduction on the FTO surface can be effectively eliminated by capping the FTO with a very thin layer of sputtered aluminum-doped zinc oxide (AZO), as confirmed by the XPS analysis. By using the AZO/FTO as front TCO with the subsequent annealing, the p-i-n c-Si:H cell exhibited a significantly enhanced SC from 15.97 to 19.40 mA/cm 2 and an increased conversion efficiency from 5.69% to 7.09%. This significant enhancement was ascribed to the effective elimination of the Sn reduction on the FTO surface by the thin AZO layer during the Si-based thin-film deposition with hydrogen-rich plasma exposure. Moreover, the subsequent annealing of the sputtered AZO could lead to less defects as well as a better interface of AZO/FTO.
Introduction
Hydrogenated microcrystalline silicon ( c-Si:H) is a promising material for high efficiency thin-film solar cells due to its advantages of reduced light-induced degradation and a lower bandgap, which lead to a higher photocurrent compared to hydrogenated amorphous silicon [1] [2] [3] [4] [5] [6] . However, the superstrate p-i-n c-Si:H solar cells are usually prepared by exposing the textured transparent conductive oxide (TCO) substrate to strongly hydrogen-diluted silane plasma. This can lead to the interactions of TCO with hydrogen plasma which results in chemical reduction of TCO surface. Schade et al. reported that the optical transmission of tin oxide was reduced by the formation of an oxygen-depleted surface layer due to the chemical reduction of the oxide by the hydrogen plasma [7] . This surface of chemical reduction containing Sn and SnO not only affected the optical properties of the film but also may act as the source for Sn diffusion into the subsequent deposited film upon the tin oxide. Several groups have also studied the chemical reduction of a tin oxide surface due to hydrogen or argon plasma exposure [8] [9] [10] [11] [12] . To eliminate or alleviate the chemical reduction of the TCO surface, other group has replaced indium tin oxide (ITO) or fluorine-doped tin oxide (FTO) with a layer of textured aluminum-doped zinc oxide (AZO), which is more resistant to plasma damage [13, 14] . However, thicker layers of sputtered AZO are not so desirable, with their flattened surface, which tend to show reduced haze and poor light trapping. In this study, we introduced a very thin AZO coating (3-5 nm) onto the textured FTO glass to maintain the light trapping and preserve the quality of the TCO/ c-Si:H interface for c-Si:H single-junction solar cells.
Experimental Details
A commercial textured FTO (SnO 2 :F) glass was used as a substrate for a superstrate (glass/FTO/p-i-n) c-Si:H singlejunction solar cells. A very thin layer of AZO (3-5 nm) was capped on the top of the textured FTO film by a radio frequency magnetron sputtering system, using a commercial AZO target with 4 inches in diameter at the power of 100 W. The target-substrate distance was 15 cm, and the substrate temperature was room temperature. To investigate the property change of FTO and AZO/FTO films after H 2 plasma exposure, the H 2 plasma was generated by the 27.12 MHz PECVD system with H 2 flow rate of 800 sccm, a pressure of 500 Pa, and a power density of 0.33 W/cm 2 . These were the same deposition parameters of c-Si:H p-layer except the introduction of SiH 4 and B 2 H 6 . The optical and electrical properties of the FTO or AZO/FTO films were measured by a UV-Vis-IR spectroscopy and a Hall measurement, respectively. To further identify the plasmainduced changes on the FTO surface, an X-ray photoelectron spectroscopy (XPS) was performed on both treated and untreated samples, and the morphology was studied by a scanning electron microscopy (SEM). All XPS spectra were obtained in a fixed analyzer transmission mode, with 280 and 55 eV pass energies for survey spectra and high resolution spectra, respectively. AM 1.5 G solar simulator and external quantum efficiency (EQE) were employed for the device characterization. The cell area was defined by the metal electrode which was 0.25 cm 2 .
Results and Discussion
To simulate the condition of the c-Si:H p-layer deposition on the FTO films, we exposed the FTO substrate in the H 2 -plasma for 72 seconds, which was the same conditions as the c-Si:H p-layer except the SiH 4 and B 2 H 6 . To examine the durability of FTO substrate after H 2 -plasma exposure, a very thin layer of AZO (3-5 nm) was capped on the top of the textured FTO film for comparison with the only FTO substrate, due to the better chemical resistance of AZO against H 2 -plasma exposure. Figure 1 shows the effect of H 2 -plasma treatment duration on optical transmission for FTO and AZO capped FTO (AZO/FTO) films. As the time of H 2 -plasma exposure increased from 0 to 900 seconds, the total transmission of FTO samples decreased from 81.41% to 46.71% at the wavelength of 550 nm, and the diffuse transmission exhibited the same trend. The decrease in transmission should be ascribed to the increased reflection and absorption of the increasing metallic Sn and the suboxide, SnO, with the increasing penetration depth of hydrogen ions. Chantarat et al. also mentioned that the optical bandgap became narrower due to the upward valence band and the downward conduction band since the both excess Sn and SnO may create crystal disorder and trap electron carriers [15] . Moreover, the AZO/FTO after 72-second H 2 -plasma exposure showed comparable transmission compared to the FTO without H 2 -plasma exposure, which should be due to the suppression of tin reduction by the thin AZO. This indicated that a very thin layer of AZO can significantly mitigate the deterioration of optical transmission after H 2 -plasma exposure. We further investigated the effect of chemical reduction on electrical properties of FTO and AZO/FTO films after H 2 -plasma exposure. Although the combination of the surface layer after H 2 -plasma exposure and the underlying FTO was inhomogeneous, the dependence of the sheet resistance on the time of H 2 -plasma exposure can still be obtained by the Hall measurement. As the time of H 2 -plasma exposure increased from 0 to 900 seconds, the sheet resistance increased from 6.76 to 10.00 Ω/sq. With the increasing exposure time, the hydrogen radical and ions penetrated through the FTO surface to form more suboxides such as SnO and Sn, which was revealed by the XPS. The decrease in the sheet resistance was ascribed to the formation of less conductive suboxides as SnO [9] . Moreover, after the same time of 72-second H 2 -plasma exposure, the FTO substrate showed a sheet resistance of 8.52 Ω/sq and the AZO/FTO substrate showed a sheet resistance of 7.75 Ω/sq, which should be ascribed to the restraint on tin reduction by the thin AZO. Based on the mention above, the thin layer of AZO can alleviate the deterioration of sheet resistance and optical transmission after H 2 -plasma exposure. Figure 2 displays the plane-view SEM images of the textured FTO films with or without H 2 plasma exposure. The sharp microstructures on the FTO films before H 2 plasma exposure were approximately 100-500 nm in grain size. After the H 2 -plasma exposure for 72 seconds, the surface morphology exhibited many small particles (20-30 nm in grain size) on the original FTO. As the time of H 2 -plasma exposure increased to 900 seconds, the original FTO microstructures were damaged heavily and the size of small particles increased to 50 nm. These small particles may be ascribed to the reduction of the SnO 2 :F (FTO) surface which became SnO and metallic Sn with increasing the duration of plasma exposure [9] . The study also reported that the thickness of the surface layer of chemical reduction was found International Journal of Photoenergy to be 100 and 150 nm after H 2 -plasma (0.25 W/cm 2 , 13 Pa) exposure for 900 and 1800 seconds, respectively. In contrast, the surface damage and chemical reduction in our study would be more severe due to the higher power density and higher pressure (0.33 W/cm 2 , 500 Pa). The combination of the optical, electrical, and structural results showed the FTO films were deteriorated after H 2 -plasma exposure, which may be originated from the chemical reduction to form the metallic Sn or suboxides of SnO. To further identify the plasma-induced changes on the SnO 2 surface, the survey spectra and high solution spectra of XPS were obtained. The measured signals including oxygen and carbon (a surface contaminant) were not shown for brevity. The Sn 3d 5/2 peaks of high solution spectra as a function of H 2 plasma exposure for FTO and AZO/FTO films were shown in Figure 3 . A single Sn peak of the FTO without H 2 -plasma exposure was observed at 487.0 eV. As the time of H 2 -plasma exposure increased from 0 to 900 seconds, the main peak shifted to lower binding energy. Schade et al. reported that the core level peak of SnO 2 is 487.0 eV, the main SnO peak is 486.7 eV, and the peak at 484.6 eV is due to elemental Sn [7] . These results confirmed that FTO film was reduced to the suboxide as SnO and metallic Sn with the increasing H 2 -plasma exposure duration. However, the AZO/FTO after 72-second H 2 -plasma exposure showed similar main peak at The plane-view SEM images of the surface morphology of 5 nm AZO layer capped FTO films with and without 72-second H 2 -plasma exposure are shown in Figure 4 . Before 72-second H 2 -plasma exposure, the thin AZO layer covered well on the original FTO texture, as shown in Figure 4(a) . Compared to the FTO films undergoing 72-second H 2 -plasma exposure (shown in Figure 2(b) ), the amount of the small particles on the original FTO microstructure arising from chemical reduction was significantly lowered by capping the 5 nm-thick AZO, which is shown in Figure 4 (b). Combined with the XPS results, this confirmed that 5 nmthick AZO layer can prevent the FTO surface from the reduction of tin oxide and ion bombardment during H 2 -plasma exposure. However, due to the less conductive nature of AZO material, the AZO film should be kept as thin as possible to retain the optoelectrical properties, while maintaining chemical reduction resistance. In this study, we have found that an optimized thickness of 5 nm-thick AZO film was obtained for the resistance to the hydrogen plasma as well as the cell performance. Based on the above results, the AZO/FTO structure with subsequent annealing in O 2 or N 2 environment at 200 ∘ C was employed for the fabrication of c-Si:H solar cells. Figure 5 provides the J-V characteristics of 1.2 m-thick c-Si:H single-junction cells using the FTO or AZO/FTO as front TCO with subsequent annealing in N 2 or O 2 environment. The p-i-n c-Si:H cell using only FTO exhibited a lower short circuit current density ( SC ) of 15.97 mA/cm 2 and a poor conversion efficiency of 5.69%. By using the unannealed AZO/FTO as front TCO, the SC increased to 17.42 mA/cm 2 . This was attributed to more optical transmission through the AZO/FTO substrate into the absorber due to the elimination of Sn reduction, which was confirmed by the results of optical transmission, as shown in Figure 1 . However, the low efficiency and FF implied that the interface of TCO or TCO itself may need subsequent annealing for sputtered AZO. By using the AZO/FTO as front TCO with the subsequent annealing at 200 ∘ C in O 2 environment for 0.5 hour, the p-i-n c-Si:H cell exhibited a surprisingly enhanced SC from 5.69% to 7.09%. This significant enhancement was ascribed to the effective elimination of the Sn reduction on the FTO surface by the thin AZO layer during the Si-based thin-film deposition with hydrogen-rich plasma exposure. Moreover, the subsequent annealing of sputtered AZO could diminish the sputtering damage, leading to less defects and better interface of AZO/FTO. These results also corresponded to the quantum efficiency measurement, as demonstrated in Figure 6 . from 550 to 1100 nm may originate from the increased transmission after annealing in N 2 environment due to the reduction in the density of grain boundaries [16] . Besides, it is observed that the AZO/FTO after annealing in O 2 environment showed even higher quantum efficiency across whole measured wavelength than that in N 2 environment, which might be ascribed to the higher transmission after annealing in O 2 environment due to the decreased bulk defects and a small increase in bandgap [17] . By employing the AZO/FTO with O 2 annealing treatment for 0.5 hour, the c-Si:H solar cell exhibited a relative enhancement of the QE of more than 25% compared to the FTO configuration without annealing.
Conclusion
The effects of H 2 plasma exposure on optical, electrical, and structural properties of FTO and AZO/FTO substrates have been investigated. With increasing the time of H 2 -plasma exposure, the hydrogen radical and ions penetrated through the FTO surface of chemical reduction to form more suboxides such as SnO and metallic Sn, which was confirmed by the XPS analysis. The Sn reduction on the FTO surface can be effectively eliminated by capping the FTO with a very thin layer of sputtered AZO (3-5 nm), as confirmed by the XPS analysis. By using the AZO/FTO as front TCO with the subsequent annealing, the p-i-n cSi:H cell exhibited a significantly enhanced SC from 15.97 to 19.40 mA/cm 2 and an increased conversion efficiency from 5.69% to 7.09%. This significant enhancement was ascribed to the effective elimination of the Sn reduction on the FTO surface by the thin AZO layer during the Si-based thin-film deposition with hydrogen-rich plasma exposure. Moreover, the subsequent annealing of the sputtered AZO could lead to less defects as well as a better interface of AZO/FTO. The quantum efficiency of the AZO/FTO configuration cell exhibited a relative enhancement of more than 25% compared to the FTO configuration without annealing.
